Abstract
Introduction
becomes longer than the step length at the fast leg heel-strike because the fast belt pulls the 81 leg into a more extended position. This asymmetry in step lengths is gradually reduced 82 over the course of 10 to 15 minutes [15] and is accompanied by a reduction in positive 83 mechanical work performed by the legs [18] and a reduction in metabolic cost [19] . A 84 potential explanation for these observations is that individuals may adapt their gait in split-85 belt walking to minimize metabolic cost [19, 20] . 86
87
Here we use principles from mechanics to illustrate that, like exoskeletons, split-belt 88 treadmills can provide assistance during walking. As we detail in the Theory and 89
Predictions section, gaining assistance in the form of net mechanical work on the person 90 from the treadmill is unique to the split-belt treadmill and is not possible on a normal "tied-91 belt" treadmill, or when walking over ground. Walking at a constant speed in any of these 92 situations requires that the person generates braking and propulsive impulses that are 93 balanced throughout the gait cycle. On a split belt treadmill, however, people can choose 94 how to distribute braking and propulsion between the two belts to take advantage of the 95 difference in belt speeds. If the forces and work generated by the legs are redistributed 96
properly, the work performed by the treadmill on the person could be used to reduce the 97 positive work required by the person's muscles and ultimately reduce metabolic cost. 98 99 Split-belt treadmills provide a unique approach to study how to gain advantage of external 100 assistance, as individuals could reduce the energetic cost of walking by stepping further 101 forward on to the fast belt relative to the slow belt [21] . As we describe in Theory and 102
Predictions, this pattern would generate a larger braking force on the fast belt, whichwould be balanced by more propulsive force applied to the slow belt. Because of the 104 difference in belt speeds, this results in net negative work performed by the person on the 105 belts, and net positive work performed by the belts on the person. It is not guaranteed that 106 the person benefits from this positive treadmill work-they may dissipate it by performing 107 additional negative work. But it is also possible that they allow the positive work from the 108 
Theory and Predictions

115
Here we consider three walking conditions: ground walking, walking on side-by-side 116 treadmills with belts "tied" to move at the same speed, and walking on side-by-side 117 treadmills with belts "split" to move at different speeds. In ground walking, the ground is 118 level and the person walks at a constant average speed relative to the ground. In the two 119 treadmill cases, the treadmills are level and the person keeps the same average position on 120 the treadmills equating to zero average speed relative to the stationary ground. (It is 121 perhaps easiest to understand the following arguments when considered from a reference 122 frame that is fixed to the ground, and not to one of the treadmill belts. The arguments do 123 hold for other reference frames, as long as they are not accelerating and as long as one does 124 not switch between reference frames.) In the treadmill conditions, we consider threesystems: the person, the left treadmill, and the right treadmill. The left and right treadmills 126 move at the same speed in the tied-belt condition, and at different speeds in the split-belt 127 condition. In the ground walking condition, the ground has zero speed resulting in only two 128 systems: the person and the ground. In all of the above walking conditions, the following 129 two constraints must be fulfilled. 130 131 C1. The sum of the external forces acting on the person must be zero on average. 132
Otherwise, there would be net acceleration or net vertical displacement violating 133 the requirements of steady-state speed and level walking. 134 135 C2. The net mechanical work on the person must be zero on average. Otherwise, there 136 would be a net gain in kinetic or potential energy, again violating the steady-state 137 speed and level walking requirements. Importantly, these two constraints taken 138 together do not mean that external forces (e.g. treadmill forces) cannot perform net 139 mechanical work on the person. Indeed, they could perform net negative or net 140 positive work while still summing to zero net system acceleration as long as forces 141 internal to the person system (e.g. muscle forces) perform the opposite amount of 142 work. 143 144 These constraints affect the three walking conditions in different ways. For ground 145 walking, they mean that the work performed by the person must be zero on average. This is 146 because the ground cannot perform work on the person-relative to the ground-fixed 147 reference frame, there is no displacement at the ground point of force application. 148
Neglecting air resistance, the only source of work is the person and thus the person must 149 perform no net work (C2). Performing no net work can be accomplished by performing 150 zero work, but more likely it is accomplished with equal amounts of positive and negative 151 work. To assist with understanding, consider the person as a point mass body with legs 152 that are massless pistons that generate forces on the ground (or treadmill belts as in Figure  153 1A & B) and equal but opposite forces on the point mass. In this model, all the work 154 performed by the person is performed by the legs. In ground walking, the legs can perform 155 both positive and negative work as long as they sum to zero. 156
157
The constraints explained above also require the person to perform zero net work during 158 tied-belt treadmill walking. Unlike ground walking, the person performs work on the belts 159 during treadmill walking when considered from a ground-fixed reference frame. At heel 160 contact, for example, the force exerted by the leading leg opposes the belt velocity at the 161 point of contact ( Figure 1B ). Since the velocity at the point of force application only has a 162 fore-aft component, the power generated by the treadmill on the leg is the dot product of 163 the horizontal fore-aft force from the treadmill and the treadmill velocity. It is positive 164 when the force and velocity are in the same direction, and negative when the two are 165 opposite. At heel contact, this force will perform negative work on the belt. The belt does 166 not slow down because its motor simultaneously does an equal amount of positive work on 167 the belt. (For the sake of building intuition, we assume an ideal treadmill where powerful 168 motors are under rapid feedback control to keep belt speed constant irrespective of the 169 forces that the legs apply to it.) The reaction force of the belt on the person is equal and 170 opposite to the force of the person on the belt ( Figure 1B ), but the velocity of the point offorce application is the same-when a person does negative work on a belt, the belt does 172 an equal amount of positive work on the person ( Figure 1C) . 173
174
When the belts are moving at the same speed, as is the case for the tied-belt condition, the 175 positive and negative work done by the person on the belts, and that done by the belts on 176 the person, both must sum to zero. This is because of the constraint that the external forces 177 must sum to be zero on average (C1). In the fore-aft direction, for example, if at some point 178 in the stride the person generates a force on a belt that has a braking component, the 179 person must generate an equal propulsive force at some other point during the stride to 180 prevent drift on the treadmill. Since the belt speeds are equal, balancing forces also means 181 balancing the work done by the person on the belts, and by the belts on the person. That is, 182 a person's braking force will get the benefit of positive work being done on the person by 183 the belts that will be counteracted when the person generates an equal propulsive force 184 resulting in the belts doing negative work on the person. Thus, a person walking on tied 185 belts cannot benefit from net work performed by the belts on the person-it will always 186 sum to zero ( Figure 1D ). Another way to make this point is that our choice of reference 187 frame is arbitrary as long as it is not accelerating. Thus, treadmill walking in a belt-fixed 188 reference frame is indistinguishable to over-ground walking in a ground-fixed reference 189 frame. 
Results
237
We determined whether individuals can modify their step lengths while walking on a split-238 belt treadmill to gain assistance from the treadmill, reduce positive leg work, andultimately reduce metabolic cost. To this end, we mapped the relationship between step 240 length asymmetry, mechanical work, and metabolic cost in 16 healthy participants while 241 walking on a dual belt instrumented treadmill. The left and right belt speeds were set at 1.5 242 m/s and 0.5 m/s, respectively, and participants used visual feedback to maintain step 243 length asymmetries of 0.00, +/-0.05, +/-0.10 and +/-0.15 in separate, six-minute trials 244 presented in a random order ( Fig. 2A-B 
Assistance Provided by the Treadmill Led to a Reduction in Metabolic Cost
The Ability to Use Step Length Asymmetry to Exploit Assistance Provided by the
328
Treadmill is Bounded
329
Although the increase in positive work performed by the treadmill led to a reduction in 330 metabolic cost, we also wanted to determine if this ability to exploit the work performed by 331 the treadmill increased indefinitely or whether there was a specific level of asymmetry that 332 minimized metabolic cost. Our results supported the existence of an energetically optimal 333 level of step length asymmetry as a regression model including both linear and quadratic 334 terms explained the relationship between metabolic cost and step length asymmetry better 335 than a simple linear model (LRStat = 4.83, p=0.028, adjusted R 2 = 0.27, Figure 8C ). 336
Bootstrap analyses indicated that the asymmetry that minimized metabolic cost had a 95% 337 confidence interval of 0.06 and 0.38, which is consistent with our prediction that positive 338 asymmetries minimize energetic cost. 339
340
Although metabolic cost generally decreased with increasingly positive asymmetries, we 341 expected that it would increase again at large positive asymmetries. We confirmed this 342 finding in two participants, who each completed two additional trials where they walked at 343 target levels of 0.20 and 0.25 step length asymmetry. The metabolic cost for three out of 344 four of these trials was 0.027 ± 0.022 greater than the minimum cost predicted from the 345 regression fit. These increases in metabolic cost at extreme positive asymmetries support 346 the quadratic relationship that we determined in our analysis. 347 Learning to gain assistance from external sources is a general problem for the nervous 366 system. We explored this problem using a split-belt treadmill paradigm to determine 367 whether people learn to harness energy from the differences in belt speeds to reduce the 368 metabolic cost of walking. People exploited the assistance provided by the treadmill by 369 changing their step lengths such that the treadmill performed net positive work on the 370 body, thereby allowing the legs to perform net negative work. This shift toward 371 performance of negative work by the legs was associated with a reduction in metabolic cost 372 which likely reflects the energetic benefits of negative work [30] . Therefore, the reductions 373 in asymmetry commonly observed during split-belt walking can be interpreted as a 374 strategy generated by the neuromotor system to take advantage of the work performed by 375 the treadmill to reduce energetic cost [19, 21] . 376 377 Similar to using a powered exoskeleton, individuals can learn to coordinate their 378 movement to maximize the assistance from the treadmill's motors. We find that individuals 379 use the assistance from the split-belt treadmill with an effectiveness of 33%, i.e. they 380 results. We focus on this metric because while the maximum effectiveness possible in 385 powered exoskeletons may be system-dependant and hard to quantify, we can provide a 386 reasoned estimate of the maximum possible effectiveness for split-belt treadmill walking. 387
Participants Chose Positive Step Length Asymmetries When Allowed to Freely
When the treadmill does positive work on the person, it applies a negative force on the 388 person that has to be cancelled out by an equal positive propulsive force applied by the 389 trailing leg on the treadmill. In applying this propulsive force, the trailing leg has to 390 perform positive work on the treadmill. In fact, the minimum amount of positive work 391 necessary depends on the ratio of the belt speeds. In our experiment, the fast belt moved 392 three times faster than the slow belt. Since work is the time integral of the dot product offorce and velocity, this means that the trailing leg on the slow belt has to at least perform 394 positive work that is roughly one third of the negative work performed by the leading leg 395 on the fast belt. This means that the participants in our study could have at most achieved 396 an effectiveness of ~67%. We only include the fast step in this calculation because any 397 braking force on the slow belt, only further decreases this value. with practice and appropriate guidance, the effectiveness observed in our study can be 407 improved from that observed here. This is one of the goals of our future research. 408
409
The reduction in positive mechanical work we observed was accompanied by a reduction 410 in metabolic cost of 14%. This reduction is comparable to that observed in powered lower-411 limb exoskeletons that can currently achieve reductions up to 17% [32] . Both effectiveness 412 and energetic benefits incurred as a result of learning to walk in lower-limb exoskeletons 413 are similar to that observed in split-belt walking. As described earlier, we suspect that 414 people can be taught to improve their effectiveness and maximize energetic benefits in 415 split-belt walking, and also when using powered exoskeletons. Given the convenience ofacquiring and operating a split-belt treadmill, it makes a good paradigm to understand how 417 the human nervous system learns to walk in novel systems, and thus improve the benefits 418 One challenge to both of these notions is that people adopt asymmetric step times in order 430 to take steps of equal length [38] and thus, it is not immediately apparent why the nervous 431 system would choose to reduce errors in step length but not in time. In addition, these 432 asymmetries in step time could lead to sensory prediction errors and are non-habitual 433 behaviors in the time domain. Further evidence that adaptation is not purely driven by 434 sensory prediction errors related to step length asymmetry was provided by a recent study 435 showing that sensory recalibration and motor recalibration have different timescales [39] . 436
In this study, the authors postulated that if we recalibrate motor commands in response to 437 sensory prediction errors, then error perception is also updated [40] . Therefore, if the 438 same neural processes drive motor and perceptual recalibration during locomotoradaptation, they would change over a similar timescale. However, the authors found that 440 motor and perceptual adaptation to differences in belt speeds occurred over different 441 timescales and are likely independent of each other. The authors also found that after 442 multiple days of adaptation, individuals plateau at positive step length asymmetries. These 443 results, together with our findings that individuals adopt positive asymmetries after being 444 exposed to the cost landscape, refute the idea that split-belt adaptation is explained by the 445 nervous system's desire to minimize perceived errors in step length asymmetry or 446 converge towards habitual behaviors. Instead, energy optimization explains both why 447 people reduce step length asymmetry during single sessions of split-belt adaptation and 448 why they adopt positive asymmetries when provided with more extensive experience. 449
450
A logical follow-up question is, if energetic optimization is the goal of split-belt adaptation, 451 why are positive asymmetries that minimize mechanical work and metabolic cost not 452 observed during adaptation? One potential explanation is that the energetic savings for 453 positive asymmetries are minor compared to the cost of symmetry, and this might impede 454 the optimization process. Given that the confidence interval for the step length asymmetry 455 associated with the lowest metabolic cost ranged from 6 to 38%, the energetic gradient 456 might be too shallow for people to obtain meaningful energetic reductions from walking 457 with positive asymmetries. In fact, our results show that the optimal step length 458 asymmetry reduced metabolic cost by only 2% compared to symmetry. Despite these small 459 savings, after exposure to the step length asymmetry landscape, participants in our study 460 plateaued at positive asymmetries during adaptation. This suggests that people may bewilling to adjust how they walk for savings of less than 5% as reported in previous work 462 experience for individuals to fine tune their steps lengths to achieve the more energetically 470 optimal positive asymmetries. Consistent with the interpretation that energy optimization 471 occurs over a longer timescale, people tend to reach positive asymmetries when allowed to 472 adapt to a split-belt treadmill over multiple days [39] . Surprisingly, the visual feedback in 473 our experiment, which exposed participants to positive asymmetries, accelerated the 474 convergence towards positive asymmetries in a single session to that which occurs during 475 multi-day adaptation. The longer timescale for energetic optimization is further supported 476 by work in the upper extremity, which shows that improvements in task performance and 477 fine tuning of upper extremity muscle activation, occurred over a faster timescale than 478 energy minimization [25, 41] . Overall, we conclude that the symmetric steps commonly 479 observed at the conclusion of previous split-belt adaptation studies and the associated 480 reductions in energetic cost [18, 19] , may be only a partial picture of a slower energetic 481 optimization process that plateaus at positive asymmetries. 482
One of the features of our study is that we constrained stride lengths to those measured 484 during baseline with the belts tied at 1m/s. Given this constraint, the metabolic optima that 485 we found in this study is a local minima for that specific stride length, and may not be a 486 global minimum. We imposed this constraint as it would not be practical to characterize 487 the metabolic cost landscape across both the dimensions of step length asymmetry and 488 stride length. Moreover, post-hoc analysis of data from a previous adaptation study [21] 489
showed that there was no change in stride length during split-belt adaptation compared to 490 baseline walking (p=0.389). Our constraint on stride length is particularly relevant given 491 the results of the adaptation trial in the current study, where 15/16 participants adapted to 492 the split-belt treadmill using shorter stride lengths. Whether optimization of stride length 493 can further reduce positive work and metabolic cost during locomotor adaptation remains 494 to be seen. 495
In conclusion, the process by which people adapt to walking on a split-belt treadmill is just 496 one example of a broad class of tasks in which the nervous system learns to exploit external 497 assistance to improve economy. A common feature of these types of tasks is that the 498 process of optimizing the use of assistance may proceed quite gradually in the absence of 499 guided experience. Ultimately, understanding how best to guide people through a range of 500 experiences capable of accelerating the learning and optimization process has important 501 implications for maximizing the utility of assistive devices such as exoskeletons and 502
prostheses. 503
Materials and Methods
Experiment Protocol
505
Sixteen healthy participants (7 female, 9 male, age 27 +/-3.5 years) completed our study. 506
All experimental procedures were approved by the University of Southern California 507
Institutional Review Board and each participant provided written informed consent before 508 testing began. All aspects of the study conformed to the principles described in the 509 Declaration of Helsinki. 510
511
We used a biofeedback-based protocol to map the relationship between mechanical work, 512 metabolic cost, and step length asymmetry during split-belt walking ( Figure 2B) . After the visual feedback trials, participants completed a 10-minute split-belt adaptation 527 trial with no visual feedback of their step lengths and no explicit instructions of the step 528 lengths they should maintain. The purpose of the final trial was to test whether participants 529 would converge towards the metabolically or mechanically optimal level of asymmetry 530 observed during the previous split-belt trials. During all walking trials, participants wore a 531 harness designed to prevent falls while providing no body weight support. Participants did 532 not hold on to handrails during any portion of the trials. After each walking trial, 533 participants sat down and rested for at least four minutes, and we visually inspected 534 measured metabolic cost to ensure that it had returned to resting levels before beginning 535 the next trial. 536 537 For all feedback conditions, participants relied on a monitor located at eye-level in front of 538 the treadmill to target the desired step length targets. We measured the position of ankle 539 markers placed bilaterally on the lateral malleoli at 100 Hz using an 11 camera Qualisys 540
Oqus camera system (QTM, Sweden) and the visual display was controlled by custom 541 software written in Vizard (Worldviz, Santa Barbara, CA). A fourth-order low-pass digital 542
Butterworth filter smoothed marker data using a cut-off frequency of 10 Hz. We defined 543 peak fore-aft position of the filtered ankle marker trajectories as heel-strike, and step 544 length as the distance between right and left ankle markers at this instance. The monitor 545 displayed the ankle position for the intervals where the ground reaction forces were less 546 than 20N [42] , which corresponded to swing phase. At foot-strike, defined as the point 547 when the ground reaction force exceeded 20N, the ankle marker disappeared from the 548 visual feedback. We instructed participants to step such that the location of the ankle 549 marker at heel-strike would match the top a vertical bar in the visual display ( Figure 2B) . 550
Participants targeted the left bar for the left leg and the right bar for the right leg. We 551 constrained the sum of the step lengths to be equal to the baseline stride length (Equation 552 1), therefore participants adjusted the individual step lengths while maintaining stride 553 length equal to that measured during the baseline trial. Note that the baseline speed was 554 1m/s, which is the average of the split-belts speed: 555
557 558
We constrainined the stride length so that the desired step lengths would be fixed for a 559
given level of step length asymmetry. To reinforce performance, the display provided Participants only received a score if their step lengths were within eight standard 566 deviations from the target. For example, for a representative participant, the average step 567 length measured on the baseline trial was 560mm, thus, the achieved step length must be 568 within 14 mm of the target to obtain a score of 10 on each side. For this same participant, 569 the standard deviation was 17mm. If the step length was off-target by more than 136 mm, 570 the participant did not receive a score. We verbally encouraged participants to obtain the 571 maximum score of 10 points for all steps. 572 573 Each participant's baseline asymmetry was defined as a step length asymmetry of zero, and 574 all levels of asymmetry were expressed relative to this baseline. As per convention [19, 21] , 575 we defined step length asymmetry as: 576
578 579
Here SLfast is the step length at the instant the leading leg heel-strikes on the fast belt, and 580
SLslow is the step length at the instant the leading leg heel-strikes on the slow belt. Negative 581 values correspond to longer steps with the slow (right) leg and positive values correspond 582 to longer steps with the fast (left) leg. Accordingly, we use the last 100 strides of each trial 583 to obtain the average step length asymmetry. 584
585
There may be more direct methods to change leg coordination to gain positive work from 586 the treadmill than manipulating step length asymmetry. We choose to use step length 587 asymmetry for two reasons. First, prior research has shown that during split-belt walking, 588 people increase fast step lengths by stepping further forward on the fast belt and decrease 589 slow step length by lifting the trailing fast leg sooner, both during adaptation and when 590 increasingly more positive asymmetries are enforced with visual feedback [15, 21, 43, 44] . 591 Second, the literature on adapting to split-belts is primarily focused on considering 592 adaptation as a process that minimizes step length asymmetry error [33, 44] and keeping 593 our manipulation in terms of step length asymmetry helps make clear that there are 594 length asymmetries. We anticipate that stepping further forward on the fast belt will lead 596 to more braking force by the fast leg around heel-strike, and thus more positive work on 597 the person by the belt. We also anticipate that short steps with the slow leg will be 598 associated with reduced propulsive force generated by the fast leg around toe-off, and thus 599 less positive work generated by that leg. In addition, longer steps with the fast belt will also 600 lead the slow leg to lift off at a greater hip angle, generating increased propulsion. 601
602
Analysis
603
We assessed metabolic cost by determining the rates of oxygen consumption (VO2) and 604 carbon dioxide production (VCO2) using a TrueOne ® 2400 system (Parvomedics, UT). The 605 metabolic cart recorded data on a breath-by-breath basis and subsequently, we re-sampled 606 these data at a frequency of 0.1 Hz and averaged for smoothing in 10s bins. Since it takes 607 approximately three minutes for oxygen consumption and carbon dioxide production by 608 the body to reach steady-state in a task, we first identified the time point closest to the 609 third minute of the trial [20] . We then measured the total VO2 consumed and the VCO2 610 produced from that time point onwards until the end of the trial. We then estimated the 611 energy consumed during the last three minutes using the standard Brockway equation ⋅ 1000) (4) 615
From here, we dived Emet,gross by the exact duration (T) over which it was calculated to 617 obtain an estimate of the gross metabolic rate Pmet,gross measured in Watts. Finally, we 618 subtracted each participants' standing metabolic rate from each walking trials. Thus, all 619 metabolic rate values presented here are net metabolic rate. 620
621
We estimated the mechanical work performed by the legs using an extension of the 622 individual limbs method [18, 26] . This method approximates the legs as massless pistons 623 and the entire body as a point mass acting at the center of mass ( Figure 1A ). We use a 624 reference frame attached to the stationary ground-the belt speeds and center of mass 625 velocity are relative to this reference frame. We measured individual leg ground reaction 626 forces from the instrumented treadmill at 1,000 Hz and filtered this signal with 20 Hz cut-627 off low-pass zero-lag digital Butterworth filter. We segmented the ground reaction forces 628 into strides using a vertical ground reaction force threshold of 32N [16] to identify the 629 beginning and end of each stride, and performed the following analysis on a stride-by-630 stride basis. 631
632
We calculated the medio-lateral, fore-aft and vertical center of mass velocities by first 633 calculating the center of mass accelerations as the sum of the forces acting on the body 634 normalized for body mass [18, 26] . We estimated body mass as the average vertical force 635 during the final 100 strides of the trial, divided by the acceleration due to gravity (9.81 636 m/s 2 ). We calculated center of mass velocities from the time integral of the center of mass 637 accelerations. We determined the integration constants by requiring the average center ofmass velocity over a stride to be zero in each direction because net movement in any 639 direction must on average be small on a treadmill. 640
641
The total mechanical power generated by each leg is composed of power generated by the 642 leg on the body and the power generated by the leg on the treadmill's belts. We define the 643 mechanical power generated on the body by a leg as the dot product of the ground reaction 644 force from that leg and the center of mass velocity. Similarly, we define the mechanical 645 power generated by a leg on a belt as the dot product of the force generated by the leg on 646 the belt, which is equal and opposite to the ground reaction force measured by the 647 treadmill, and the velocity of the corresponding belt. The medio-lateral and vertical 648 components of belt velocity are zero, and the fore-aft component is either -0.5 m/s (slow 649 belt), -1.5 m/s (fast belt), or -1.0 m/s (tied belts). For each leg, we then calculated the 650 instantaneous sum of the two powers to obtain the total instantaneous mechanical power 651 generated by that leg ( Figure 1B) . We calculate the instantaneous power generated by the 652 slow and fast belts on the body as the dot product of the ground reaction force measured 653 from that belt with that belt's velocity. 654
655
To determine the total positive and negative work performed by a leg or a belt, we 656 calculated the time integral of the positive or negative portion of its instantaneous power 657 over the stride cycle [45] . The net work performed by a leg or a belt is the time integral of 658 the full instantaneous power over the stride cycle. We express all measures of work as 659 work rates by dividing each measure by stride duration. As with step length asymmetry, 660 measures of work rate for each trial are the average values over the last 100 strides.
662
We converted the metabolic rate and mechanical work rate to dimensionless units to 663 reduce variability between subjects. We divided each individual's values by ml 0.5 g 1.5 here m 664 is their body mass, l is their leg length and g is gravity (9.81 m/s^2). Thus, using the 665 we control but also on differences between individuals. Our purpose here is to test 672 predictions about the former-we do not, for example, seek to explain the differences in 673 metabolic cost between individuals for a given condition. Consequently, we used mixed-674 effect regression models that allowed individualized intercepts but shared a fixed 675 dependence on the independent variables of interest. These models captured the 676 relationship between 1) measure of foot placement and step length asymmetry, 2) 677 measures of mechanical work and step length asymmetry, 3) measures of mechanical work 678 performed by the legs and the mechanical work performed by the treadmill, 4) metabolic 679 power and mechanical work performed by the treadmill, and 5) metabolic power and step 680 length asymmetry. All models included a random intercept for each participant to account 681 for unknown, subject-specific effects. We used a modified version of the marginal R 2 for 682 linear mixed effect models [46] to compute the variance explained by the fixed components 683 of our linear models. We computed R 2 as the ratio of the variance computed from the fixedeffects and the sum of the variance from both the fixed effects and residuals from the 685 regression model. We used this approach in lieu of the conditional R 2 , which accounts for 686 the variance explained by both the fixed and random effects, because we were only 687 interested in quantifying the explanatory value of the fixed effects. To make our figures 688 consistent with our statistical analysis approach, we removed the individualized intercepts 689 from each participant's data before generating each scatterplot. Lastly, we determined if 690 participants plateaued at a step length asymmetry that differed from baseline during the 691 adaptation period using a paired-samples t-test. We conducted all statistical analyses in 692
Matlab R2017a (Mathworks, Natick, MA) and set statistical significance level to p < 0.05. visualized with open rectangles above the point of force application, and negative power 835 with closed rectangles below the point of force application. D. Power generated by the 836 treadmill on the legs. During tied belt walking, the positive power generated by the treadmill 837 on the legs is always equal to the negative power generated within a stride, at all step length 838 asymmetries (SLA). This is true even though the total power generated during the long step 839 is greater than that generated during the short step, at asymmetric step lengths. We can 840 observe this through the rectangles shown to the right of each condition, where the sum of 841 the top open rectangles always equals the sum of the bottom closed rectangles. However, 842 when walking on split-belt treadmill, we see that at positive step length asymmetries 843 (bottom row), the treadmill generates net positive power on the legs during the long step 844 that is greater than the net negative power it generates during the short step. This leads to a 845 net positive power on the person over the stride. 846 to the fast and slow limb, respectively. The distance between the leading and trailing feet at 869 heel strike constitutes the step length. A) Fast step lengths. To increase the fast step length 870 as asymmetry increased from negative to positive, participants increased both leading foot 871 distance to the center of mass and trailing foot distance to the center of mass. B) Slow step 872 lengths. To decrease the slow step length as asymmetry increased from negative to positive, 873 participants primarily decreased the distance from the leading foot to the center of mass 874 while maintaining a relatively consistent trailing foot position. 875 belt throughout the stride cycle. The power generated by the treadmill belts represents the 879 rate of mechanical work performed by each belt on the body. During the early portion of the 880 stride cycle (~0-15%), the leading, fast leg generated a large peak negative peak in power 881 while the trailing, slow leg generated a relatively smaller positive peak. This relationship 882 reversed during the later portion of the stride cycle (~40-70% of the gait cycle) such that the 883 fast leg generated a burst of positive power while the slow leg generated a smaller burst of 884 negative power. Each trace is an average of all participants (n = 16). The stride cycle begins 885 and ends at foot-strike of the fast limb. Blue, yellow, and red traces correspond to split-belt 886 walking at step length asymmetries of -15%, 0%, and +15%, respectively. 887 The final error represents the average ± standard error level of asymmetry at the end of the 931 split-belt adaptation trial. 932 933
